ABSTRACT Gastrointestinal disturbances are commonly reported in children with autism and may be associated with compositional changes in intestinal bacteria. In a previous report, we surveyed intestinal microbiota in ileal and cecal biopsy samples from children with autism and gastrointestinal dysfunction (AUT-GI) and children with only gastrointestinal dysfunction (Control-GI). Our results demonstrated the presence of members of the family Alcaligenaceae in some AUT-GI children, while no Control-GI children had Alcaligenaceae sequences. Here we demonstrate that increased levels of Alcaligenaceae in intestinal biopsy samples from AUT-GI children result from the presence of high levels of members of the genus Sutterella. We also report the first Sutterella-specific PCR assays for detecting, quantitating, and genotyping Sutterella species in biological and environmental samples. Sutterella 16S rRNA gene sequences were found in 12 of 23 AUT-GI children but in none of 9 Control-GI children. Phylogenetic analysis revealed a predominance of either Sutterella wadsworthensis or Sutterella stercoricanis in 11 of the individual Sutterella-positive AUT-GI patients; in one AUT-GI patient, Sutterella sequences were obtained that could not be given a species-level classification based on the 16S rRNA gene sequences of known Sutterella isolates. Western immunoblots revealed plasma IgG or IgM antibody reactivity to Sutterella wadsworthensis antigens in 11 AUT-GI patients, 8 of whom were also PCR positive, indicating the presence of an immune response to Sutterella in some children.
communication between the microbiota and the human host could have profound effects on human health.
In our previous metagenomic study, we found sequences corresponding to members of the family Alcaligenaceae in the class Betaproteobacteria that were present in ileal and cecal biopsy samples from 46.7% (7/15) of AUT-GI children. Alcaligenaceae sequences were completely absent from biopsy samples from Control-GI children (10) . Members of the family Alcaligenaceae inhabit diverse habitats, ranging from humans and animals to soil (20) . Several members of Alcaligenaceae cause clinically relevant infections or are suspected opportunistic pathogens in humans and animals, including members of the genus Bordetella (including the human respiratory pathogens B. pertussis and B. parapertussis, the mammalian respiratory pathogen B. bronchiseptica, and the poultry respiratory pathogen B. avium), a member of the genus Alcaligenes (the human opportunistic pathogen A. faecalis), members of the genus Achromobacter (the human opportunistic pathogens A. xylosoxidans and A. piechaudii), members of the genus Oligella (the potential opportunistic genitourinary species O. urethralis and O. ureolytica), a member of the genus Taylorella (the equine urogenital pathogen, T. equigenitalis), and a member of the genus Pelistega (the pigeon respiratory pathogen P. europaea) (20) .
In some cases, the pathogenic potential of Alcaligenaceae members is unclear. The genus Sutterella represents one such member. Members of the genus Sutterella are anaerobic or microaerophilic, bile-resistant, asaccharolytic, Gram-negative, short rods (21) . Members of the genus Sutterella have been isolated from human infections below the diaphragm (22, 23) . Sutterella 16S rRNA gene sequences have also been identified in intestinal biopsy and fecal samples from individuals with Crohn's disease and ulcerative colitis (24, 25) . Whether the presence of Sutterella species at sites of human infection and inflammation represents cause or consequence or whether Sutterella is a normal part of the microbiota in some individuals remains unclear. The dearth of knowledge con- cerning the epidemiology and pathogenic potential of Sutterella derives in part from the lack of specific, culture-independent assays to detect and characterize members of this genus.
Here we further characterize Alcaligenaceae sequences identified in AUT-GI children and describe PCR assays for detection, quantitation, and genotyping of Sutterella as well as serological assays for detection of immunological responses to Sutterella.
RESULTS
High levels of Sutterella in a subset of AUT-GI patients identified by pyrosequencing. Our previous pyrosequencing results (10) demonstrated a high abundance of sequences from the family Alcaligenaceae in nearly half of AUT-GI children (patients 1 to 15) and the absence of corresponding sequences in Control-GI children (patients 16 to 22) and prompted a more detailed investigation of these taxa of bacteria. Genus-level analysis of pyrosequencing reads revealed that all sequences of Alcaligenaceae found in AUT-GI patients' biopsy samples were classified as members of the genus Sutterella. The average confidence estimate of all genuslevel Ribosomal Database Project (RDP)-classified Sutterella sequences was high (99.1%), with the majority of sequences classified at 100% confidence.
Comparison of Sutterella abundance from pyrosequencing reads revealed significant increases in Sutterella in the ilea (Fig. 1A) (Mann-Whitney, tied P value ϭ 0.022) and ceca (Fig. 1B) (Mann-Whitney, tied P value ϭ 0.037) of AUT-GI children compared to Control-GI children. Individual analysis of AUT-GI patients revealed that 46.7% (7/15) of AUT-GI patients (patients 1, 3, 5, 7, 10, 11, and 12) had high levels of Sutterella 16S rRNA gene sequences in both the ileum ( Fig. 1C ; see Table S1 in the supplemental material) and cecum ( Fig. 1D ; see Table S1 ). Sutterella sequences were absent from all Control-GI samples (patients 16 to 22). In those seven AUT-GI patients with Sutterella sequences, Sutterella-specific 16S rRNA gene (V6 -V8) PCR amplification of 10-fold dilutions of Sutterella plasmid DNA standards spiked into ileal DNA from a Sutterella-negative Control-GI patient. Note the linear amplification down to 5 ϫ 10 2 copies and the endpoint detection limit of 5 ϫ 10 1 copies. (C) Realtime PCR amplification plot of 10-fold serial dilutions of Sutterella plasmid DNA standards. ⌬Rn, magnitude of the signal generated by the PCR conditions. (D) Standard curve generated from our Sutterella-specific quantitative real-time PCR assay. 16S rRNA gene sequences (V6 -V8 region and C4 -V8 region) in biopsies from AUT-GI and Control-GI patients. (A) Agarose gel detection of 260-bp Sutterella products in ileal (4 biopsy samples/patient) and cecal (4 biopsy samples/patient) biopsy DNA using SuttFor and SuttRev primers (V6 -V8 region) in conventional PCR assays. (B) Agarose gel detection of 715-bp Sutterella products in ileal and cecal biopsy DNA using pan-bacterial primer 515For and SuttRev primer (C4 -V8) in conventional PCR assays. The negative control is PCR reagents with water substituted for DNA. The positive control is DNA isolated from cultured S. wadsworthensis (ATCC 51579).
FIG 4 PCR-based detection of Sutterella
ileal Sutterella sequence abundance ranged from 1.7 to 6.7% of total bacterial reads ( Fig. 1C ; see Table S1 ). For the same patients, cecal Sutterella sequence abundance ranged from 2.0 to 7.0% of total bacterial reads ( Fig. 1D ; see Table S1 ).
To put the levels of Sutterella in these patients into perspective, we ranked the abundance of all ileal and cecal genus-level classifications from our pyrosequencing results. In the ileum, Sutterella sequences represented the fourth most abundant genus for patient 1, the sixth most abundant genus for patient 3, the fifth most abundant genus for patient 5, the fifth most abundant genus for patient 7, the third most abundant genus for patient 10, the eighth most abundant genus for patient 11, and the fifth most abundant genus for patient 12 (see Fig. S1 and S2 in the supplemental material). Similar rankings were obtained in the cecum of these patients (data not shown).
Sutterella sequences represented the majority of sequences present in the class Betaproteobacteria in these seven AUT-GI patients. In ileal biopsy samples from the seven AUT-GI patients with Sutterella sequences, Sutterella sequences accounted for 75.6% to 97.8% of all Betaproteobacteria sequences ( Fig. 1E ; see Table S1 in the supplemental material). In cecal biopsy samples, Sutterella sequences accounted for 92.1% to 98.2% of all Betaproteobacteria sequences ( Fig. 1F ; see Table S1 ).
OTU and sequence analysis of Sutterella sequences in AUT-GI children. Operational taxonomic unit (OTU) analysis of V2 pyrosequencing reads in ileum (see Fig. S3A in the supplemental material) and cecum (see Fig. S3B ) revealed that sequences from patients 1, 3, 10, 11, and 12 clustered together with OTU 2 containing the majority of Sutterella sequences, and sequences from patients 5 and 7 clustered together with OTU 1 containing the majority of Sutterella sequences. OTU 2 accounted for 87% and 84% for patient 1, 85% and 87% for patient 3, 66% and 66% for patient 10, 87% and 85% for patient 11, and 81% and 81% for patient 12 of all Sutterella sequences obtained by pyrosequencing of the 16S rRNA gene in ileum and cecum, respectively (Fig. 2) . OTU 1 accounted for 88% and 86% for patient 5 and 88% and 83% for patient 7 of all Sutterella sequences obtained by pyrosequencing of the V2 region of the 16S rRNA gene in ileum and cecum, respectively (Fig. 2) . Subdominant OTUs may represent true phylotypes, but they could also arise from PCR or sequencing artifacts. We focused our analysis on those OTUs containing the majority of Sutterella sequences, namely, OTU 1 and OTU 2.
The representative sequences from OTU 1 and OTU 2 were aligned and used for phylogenetic analysis (see Fig. S4 in the supplemental material). The representative sequence from OTU 1 was phylogenetically most closely related to the species S. wadsworthensis; the representative sequence from OTU 2 was most closely related to S. stercoricanis. Although some branches in the tree are clearly differentiated by high bootstrap values, others are differentiated poorly by low bootstrap values. Furthermore, members of the genera Comamonas and Burkholderia were grouped with members of the genus Sutterella. This suggests that sequences from the V2 region alone may be insufficient for accurate species-level phylogenetic analysis of Sutterella sequences.
Confirmation and quantitation of Sutterella sequences using novel PCR assays. To independently verify V2 pyrosequencing results for Sutterella, we designed Sutterella-specific PCR assays Control-GI patients using a novel Sutterella-specific real-time PCR assay. Bars in the graph show mean copy number in 4 biopsy samples from ileum (blue) and 4 biopsy samples from cecum (red) ϩ the standard error of the mean (SEM) for each patient.
FIG 6
Distribution of Sutterella species in ileal and cecal biopsy samples from AUT-GI patients based on C4 -V8 products. The closest sequence match to known Sutterella isolates was determined using the RDP seqmatch tool. The frequency of Sutterella species matches in ileal and cecal clone libraries are shown as pie charts for patients 1 (A), 3 (B), 5 (C), 7 (D), 10 (E), 11 (F), 12 (G), 24a (H), 25a (I), 27a (J), 28a (K), and 29a (L). *, Sutterella 16S sequences obtained from patient 28a were less than 97% similar to the 16S sequence of all known isolates of Sutterella species.
that could be used in both conventional and real-time PCR, using primers that amplify a 260-bp region spanning the regions from V6 to V8 (V6 -V8 PCR) of the 16S rRNA gene (SuttFor and SuttRev primers) ( Fig. 3A to 3D ). Conventional PCR analysis using DNA from each of 4 ileal and 4 cecal biopsy samples per patient showed that the same individuals identified as having high levels of Sutterella by V2 pyrosequencing (patients 1, 3, 5, 7, 10, 11, and 12) were also positive by our novel V6 -V8 Sutterella-specific PCR (Fig. 4A ). All four biopsy samples from ileum and cecum, in all seven Sutterella-positive patients, showed Sutterella products. A single 260-bp product was observed in positive amplifications, and nonspecific products were never observed. No products were observed in any Control-GI patients that were evaluated by pyrosequencing (patients 16 to 22), the AUT-GI patients that were negative for Sutterella sequences by V2 pyrosequencing (patients 2, 4, 6, 8, 9, 13, 14, and 15), or water/reagent controls (Fig. 4A) . Furthermore, our positive control (DNA from a cultured S. wadsworthensis isolate) was positive by PCR. In addition to those patients evaluated by pyrosequencing, we have assessed ileal and cecal biopsy samples from eight male AUT-GI children (patients 23a to 30a) and two male Control-GI children (patients 31a and 32a) using our V6 -V8 Sutterella PCR. Of these additional samples, 5 of the 8 AUT-GI patients were positive for Sutterella in ileal and cecal biopsy samples (patients 24a, 25a, 27a, 28a, and 29a). All biopsy samples from the two additional Control-GI patients were PCR negative (patients 31a and 32a). In summary, whereas 12 of 23 (52%) AUT-GI children were PCR positive for Sutterella, 0 of the 9 Control-GI children were PCR positive for Sutterella.
In addition, we used the broadly conserved, pan-bacterial primer 515For in combination with the SuttRev primer in conventional PCR assays (Fig. 4B) . These primers amplify a 715-bp region of the 16S rRNA gene from conserved region 4 to variable region 8 (C4 -V8 assay) (Fig. 3A) . Results of the C4 -V8 amplification were identical to those of the V6 -V8 assay. All products were confirmed to represent Sutterella by sequencing of V6 -V8 and C4 -V8 products. These results suggest that the SuttRev primer is sufficient to confer specificity for Sutterella amplification.
In addition, we quantified Sutterella 16S rRNA gene sequences in biopsy samples from AUT-GI and Control-GI patients using real-time PCR (Fig. 3C and D) . Real-time PCR analysis using the SuttFor and SuttRev (V6 -V8) primers and a high-coverage TaqMan probe revealed similar results to conventional PCR assays. By real-time PCR, Sutterella was detected in patients 1, 3, 5, 7, 10, 11, 12, 24a, 25a, 27a, 28a, and 29a ( Fig. 5 ), consistent with both pyrosequencing and conventional PCR results. Sutterella was undetectable in all Control-GI and Sutterella-negative AUT-GI patients' samples. Mean Sutterella copy numbers were high in both the ileum and cecum (in the range of 10 3 to 10 5 copies) of Sutterella-positive patients.
Phylogenetic analysis of Sutterella sequences obtained by novel PCR assays. Phylogenetic analysis of V6 -V8 sequences obtained by library cloning of PCR products revealed similar results to those obtained by V2 pyrosequencing. While most V6 -V8 sequences matched most closely with either S. wadsworthensis or S. stercoricanis, bootstrap values were low at many branches in phylogenetic trees (data not shown). Thus, neither the V2 nor V6 -V8 regions appear to provide sufficient information for accurate species-level differentiation.
As C4 -V8 PCR assays provide the longest 16S products containing the most variable regions, we also analyzed 480 sequences (40 sequences per patient, consisting of 20 ileal sequences and 20 cecal sequences) obtained from clone libraries of C4 -V8 products from the 12 Sutterella-positive patients (Fig. 6) . No sequences were obtained from any genus other than Sutterella from any cloned PCR products. Although one species predominated in each patient, mixed populations of S. wadsworthensis and S. stercoricanis were detected in several patients. The majority or all of the C4 -V8 sequences from patients 1, 3, 10, 11, 12, 24a, 27a, and 29a matched most closely with S. stercoricanis, the majority or all of the C4 -V8 sequences obtained from patients 5, 7, and 25a matched most closely with S. wadsworthensis, and all sequences obtained from patient 28a matched most closely with Sutterella sp. strain YIT 12072. The predominant Sutterella 16S rRNA gene sequences identified in ileal biopsy samples were identical to the predominant Sutterella sequences in cecal biopsy samples for each of the patients. Thus, a single predominant sequence was further assessed for each patient.
Alignment of the predominant C4 -V8 sequence from each patient revealed that patients 1 and 24a had identical predominant sequences, but these were distinct from all other patients, patients 3, 10, 11, 12, 27a, and 29a had identical sequences, distinct from all other patients, patients 5, 7, and 25a had identical sequences that were distinct from all other patients, and patient 28a had a unique sequence (see Fig. S5 in the supplemental material).
Comparison of percentages of sequence similarity between these groups (Table 1 ) revealed 99.9% similarity between sequences of patients 1 and 24a and those of patients 3, 10, 11, 12, 27a, and 29a. This value is above the cutoff value of 97% similarity, commonly applied for bacterial species definition (26) , suggesting that the predominant sequences from these two groups are likely the same species.
The predominant sequences from patients 1 and 24a and patients 3, 10, 11, 12, 27a, and 29a had the highest percent similarity to the S. stercoricanis isolate (98.5% and 98.4% similarity, respectively) and below 97% similarity compared to other Sutterella isolates (Table 1 ). In addition, the 16S rRNA gene sequence from patients 1 and 24a shared 100% similarity with 16S rRNA gene sequences from uncultured bacteria in GenBank, such as those derived from intestinal biopsy samples from an ulcerative colitis patient (i.e., accession no. FJ512128) (27) and mucosal biopsy samples from the intestinal pouch of a familial adenomatous polyposis patient (i.e., accession no. GQ159316). Similarly, the sequences from patients 3, 10, 11, 12, 27a, and 29a shared 100% similarity with 16S rRNA gene sequences from uncultured bacteria in GenBank, including sequences derived from intestinal biopsy samples from a patient with ulcerative colitis (i.e., accession no. 512152) (27) and fecal samples from bovines (i.e., accession no. FJ682648) (28) .
Sequences from patients 5, 7, and 25a had 100% sequence similarity to S. wadsworthensis and below 97% sequence similarity to all other Sutterella isolates (Table 1). The sequences from patients 5, 7, and 25a also shared 100% sequence similarity to 16S rRNA sequences in GenBank, such as those derived from intestinal biopsy samples from an ulcerative colitis patient (i.e., accession no. FJ509042) (27) .
The unique sequence found in patient 28a matched most closely with the isolate Sutterella sp. strain YIT 12072; however, the similarity was only 95.3% (Table 1) . Thus, based on sequence analysis alone, Sutterella sequences from patient 28a cannot be classified as Sutterella sp. strain YIT 12072 or any of the other known isolates. The 16S rRNA gene sequence from patient 28a shared 100% similarity with 16S rRNA gene sequences from uncultured bacteria in GenBank that were derived from intestinal biopsy samples from a Crohn's disease patient (i.e., accession no. FJ503635) (27) , human skin popliteal fossa swab (i.e., accession no. HM305996), and feces from a 95-year-old woman (i.e., accession no. EF401376) (29) . Thus, the 16S rRNA gene sequences from patient 28a and identical GenBank sequences likely represent an uncharacterized species of Sutterella.
Phylogenetic analysis of the predominant sequences obtained from patient biopsy samples using the C4 -V8 PCR assay revealed high bootstrap values at most branches and good grouping of members of the genus Sutterella from other Alcaligenaceae family members and other Burkholderiales order members (Fig. 7) . Thus, sequences obtained by C4 -V8 PCR can be used for accurate species-level classification of Sutterella sequences. This tree demonstrates that sequences from patients 1, 24a, 3, 10, 11, 12, 27a, and 29a grouped most closely with S. stercoricanis (supported by a bootstrap resampling value of 92%), sequences from patients 5, 7, and 25a grouped most closely with S. wadsworthensis (supported by a bootstrap resampling value of 99%), and sequences from patient 28a grouped most closely with the isolate Sutterella sp. strain YIT 12072 (supported by a bootstrap resampling value of 97%) but formed a distinct phylogenetic lineage.
AUT-GI plasma antibodies bind to S. wadsworthensis proteins. We also sought to determine whether systemic antibody responses to Sutterella were present in this cohort. The antigens used for our Western blot analysis were whole-protein lysates from cultured S. wadsworthensis containing a wide range of proteins, as observed on Coomassie-stained SDS-polyacrylamide gels (data not shown). Individual patient's plasma was assessed for IgG ( Fig. 8A) and IgM (Fig. 8B) antibody immunoreactivity against the bacterial antigens. Immunoreactive bands were visible for 11 out of 23 (48%) AUT-GI patients. In 10 AUT-GI children, the immunoreactive antibodies were IgG (Fig. 8A) ; one child (patient 26a) had IgM antibodies (Fig. 8B) . In contrast, only 1 of the 9 Of the 12 AUT-GI patients that were PCR positive for Sutterella, 8 (66.7%) had plasma IgG antibodies against S. wadsworthensis proteins (patients 1, 3, 5, 7, 10, 11, 24a, and 25a). Three AUT-GI patients (patients 4, 23a, and 26a) had IgG or IgM antibodies against S. wadsworthensis proteins, but were PCR negative. In total, 15 out of 23 (65.2%) AUT-GI children had evidence of Sutterella by either PCR or serology (Table 2) .
DISCUSSION
We previously reported detection by pyrosequencing of Alcaligenaceae sequences in AUT-GI children (10) . More focused analysis revealed that this finding reflects the presence of Sutterella species. Whereas 12 of 23 AUT-GI patients (52%) were PCR positive in both ileum and cecum, 0 of 9 Control-GI children were PCR positive for Sutterella. Sutterella abundance in the seven Sutterellapositive AUT-GI patients, assessed by pyrosequencing, ranged from 1 to 7% of total bacterial sequences. Novel real-time PCR assays confirmed high copy numbers of Sutterella species in DNA from ileal and cecal biopsy samples from Sutterella-positive patients, with averages ranging from 10 3 to 10 5 Sutterella 16S rRNA gene copies amplified from only 25 ng of total genomic biopsy DNA.
OTU analysis of V2 region pyrosequencing reads indicated that only two OTUs accounted for the majority of Sutterella sequences in the seven AUT-GI patients that were Sutterella positive by pyrosequencing. Sequencing of PCR products from V6 -V8 and C4 -V8 Sutterella-specific PCR assays corroborated this finding. Our analysis also suggests that C4 -V8 Sutterella products can be accurately classified at the species level. Classification with RDP and phylogenetic analysis of Sutterella sequences obtained from C4 -V8 Sutterella-specific PCR indicated that the predominant sequences obtained from patients 1, 3, 10, 11, 12, 24a, 27a, and 29a were most closely related to the isolate S. stercoricanis, supported by a sequence similarity of over 98%. The predominant C4 -V8 sequences obtained from patients 5, 7, and 25a were most closely related to the isolate S. wadsworthensis, supported by a sequence similarity of 100%. Our results suggest that these two species of Sutterella are the dominant phylotypes present at high levels in the intestines of AUT-GI children in this cohort. Of the known isolates, the predominant C4 -V8 sequence obtained from patient 28a was most closely related to Sutterella sp. strain YIT 12072. However, the low sequence similarity (95.3%) between sequences from patient 28a and Sutterella sp. strain YIT 12072 suggests that these are not likely to be the same species. Sequences from patient 28a did have 100% sequence similarity to uncultured Sutterella sequences in GenBank, suggesting that this undefined species has been detected previously in human samples by nonspecific techniques.
Sutterella species have been isolated from human and animal feces (30) (31) (32) and have also been isolated from human infections below the diaphragm; most often from patients with appendicitis, peritonitis, or rectal or perirectal abscesses (22, 23) . Sutterella sequences have been identified in fecal samples and intestinal biopsy samples from individuals with Crohn's disease and ulcerative colitis but also from apparently healthy adults (24, 25, 27, 33) . Thus, based on these previous findings, it remains unclear whether Sutterella species contribute to inflammation and infection or are simply normal inhabitants of the human microbiota in some individuals. Even if the latter is the case, our results demonstrate that Sutterella is a major component of the mucoepithelial microbiota in some children, accounting for up to 7% of all bacteria. Relative to all other bacterial genera identified in biopsy samples, Sutterella ranged from the third to eighth most abundant genus in the patients assessed by pyrosequencing. Only the most abundant Bacteroidetes and Firmicutes genera outnumbered Sutterella sequences. This result is remarkable given that Sutterella is not reported as a major component of the microbiota (34) .
Loss of commensals in the intestine can affect immune responses and disrupt colonization resistance to potentially pathogenic bacteria (17, 19) . In our previous study, we found a significant loss of commensals, namely, members of the phylum Bacteroidetes, in AUT-GI biopsy samples (10) . Thus, the loss of Bacteroidetes in AUT-GI children could facilitate the growth of opportunistic pathogens. Whether Sutterella is pathogenic in AUT-GI children cannot be determined from current data. However, the observation that some AUT-GI children have antibodies that react with S. wadsworthensis proteins is generally consistent with infection. We detected either IgG or IgM antibodies against S. wadsworthensis proteins in~48% (11/23) of AUT-GI children. Only one Control-GI child had very weak IgG immunoreactivity against S. wadsworthensis proteins. Of the 12 patients that were positive for Sutterella by PCR, 8 (66.7%) demonstrated plasma IgG antibodies against S. wadsworthensis proteins. In total, 65.2% (15 out of 23) of AUT-GI children were either positive by PCR assays or had immunoglobulin reactivity to S. wadsworthensis proteins. Three AUT-GI patients were negative by PCR but had IgG or IgM antibodies against S. wadsworthensis proteins. As we only examined ileal and cecal biopsy samples in this cohort, we cannot exclude the possibility that Sutterella species were present in other regions of the small or large intestine or elsewhere in the body of these three patients. This could explain the presence of Sutterellaspecific antibodies without detection of the agent by PCR. Alternatively, IgG antibodies may persist long after antigenic exposure; thus, the presence of IgG antibodies may indicate past exposure in some children. The IgM immunoreactivity of patient 26a suggests recent or current exposure to Sutterella antigen in this patient. It is perhaps not surprising that proteins recognized by different patients' plasma were variable. It is well recognized that the use of different strains and species as antigen leads to variations in the immunoreactive profile of immunogenic proteins (35) . Several Sutterella-positive patients in this study had S. stercoricanis as the dominant Sutterella species. We recognize this limitation of our Western blot analysis, as the only antigen available to us was lysate from an S. wadsworthensis isolate.
The nature of intestinal damage in autism has not been fully defined. Abnormalities in intestinal permeability in children with autism have been reported in two studies (8, 9) . In Crohn's disease, a condition associated with increased intestinal permeability, a generalized enhancement of antimicrobial IgG to many members of the intestinal microbiota is reported (36) . A defective epithelial barrier could lead to enhanced contact between many members of the microbiota and antigen-presenting cells in the lamina propria. If this turns out to be the case in autism, then antibodies against Sutterella proteins may reflect interindividual, compositional variation in the microbiota, rather than being an indication of Sutterella infection. Additional studies are warranted in order to draw definitive conclusions from this immunological analysis.
In conclusion, we have identified Sutterella 16S rRNA gene sequences in mucoepithelial biopsy samples from AUT-GI children using nonspecific, pan-microbial pyrosequencing. We have further designed and applied novel Sutterella-specific PCR assays that confirmed high levels of Sutterella species in over half of AUT-GI children and the complete absence of Sutterella in Control-GI children tested in this study. The Sutterella-specific molecular assays reported in this study will enable more directed studies to detect, quantify, and classify this poorly understood bacterium in biological and environmental samples. With such specific techniques, we can begin to understand the epidemiology of this bacterium and its associations with human infections and inflammatory diseases, the role Sutterella plays in the microbiota, and the extent to which Sutterella may contribute to the pathogenesis of GI disturbances in children with autism.
MATERIALS AND METHODS
Clinical samples. The clinical procedures used for this study population were previously described (10, 37) . For more details, see Text S1 in the supplemental material. The Institutional Review Board (IRB) at Columbia University Medical Center reviewed and approved the use of deidentified residual ileal and cecal samples, obtained as described in an earlier publication (37) , and waived the need for patient consent for these analyses, as all samples were analyzed anonymously. All patients underwent upper and/or lower endoscopic procedures based on clinical imperative. Pinch biopsy samples were obtained, by an experienced gastroenterologist, from the terminal ileum (4 per patient) and cecum (4 per patient) during endoscopy. Endoscopic biopsy samples were immediately placed in coded tubes, snap-frozen in liquid nitrogen, and stored at Ϫ70°C until processed. All AUT-GI and Control-GI patients and their biopsy samples evaluated in this study were derived from the initial cohort (37) . Patients assessed by pyrosequencing were restricted to male children between 3 and 5 years of age to control for confounding effects of gender and age on the microbiota (10, 37) . This subset comprised 15 AUT-GI (patients 1 to 15) and 7 Control-GI (patients 16 to 22) children. For assessment of Sutterella sequences in ileal and cecal biopsy samples, we also included 8 additional male AUT-GI children (patients 23a to 30a: 6 children between 6 and 7 years of age and 2 children between 8 and 10 years of age) and 2 additional male Control-GI children (patients 31a and 32a: 1 child between 6 and 7 years of age and 1 child between 8 and 10 years of age) from the initial cohort (37) .
Bacterial culture. S. wadsworthensis was obtained from American Type Culture Collection (ATCC 51579). The isolate was grown in chopped meat broth in Hungate capped tubes (Anaerobe Systems, Morgan Hill, CA), supplemented with sodium formate and fumaric acid at a final concentration of 0.3% each. Inoculated cultures were incubated at 37°C, and growth was monitored at 0, 6, 12, 24, and 48 h using a Sutterellaspecific real-time PCR assay (see below).
DNA extraction. DNA was extracted from individual ileal and cecal biopsy samples (total of 256 biopsy samples: 128 ileal and 128 cecal, 8 biopsy samples per patient [4 from ileum and 4 from cecum], 23 AUT-GI patients and 9 Control-GI patients) and bacterial cultures of S. wadsworthensis in TRIzol (Invitrogen, Carlsbad, CA) using standard protocols. DNA concentrations and integrity were determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and Bioanalyzer (Agilent Technologies, Foster City, CA) and stored at -80°C.
Bar-coded pyrosequencing of the bacterial V2 region of the 16S rRNA gene and analyses are previously described for ileal and cecal biopsy samples from AUT-GI patients 1 to 15 and Control-GI patients 16 to 22 (10) . The pan-bacterial bar-coded V2 primers, designated V2For and V2Rev, amplify a region of the 16S rRNA gene from nucleotide positions 27 to 338 (38) (Fig. 3A) . For more details, see Text S1 in the supplemental material.
Sutterella-specific PCR assay design. Sutterella-specific 16S rRNA PCR primers were designed against the 16S rRNA gene sequence for S. wadsworthensis (accession no. L37785) using Primer Express 1.0 software (Applied Biosystems, Foster City, CA). Genus specificity of candidate primers was evaluated using the RDP (Ribosomal Database Project) probe match tool. Several potential primer pairs were identified, but only one pair showed high specificity for Sutterella. These primers are designated here as SuttFor (nucleotide positions 936 to 956 of S. wadsworthensis; accession no. L37785) and SuttRev (nucleotide positions 1177 to 1195 of S. wadsworthensis; accession no. L37785) (see Table S2 in the supplemental material). SuttFor and SuttRev primers amplify a 260-bp region between variable regions 6, 7, and 8 (V6 -V8) of the 16S rRNA gene of Sutterella (Fig. 3A) . For more details on primer and probe specificity see Text S1 in the supplemental material.
Conventional PCR assays. Conventional PCR for detection of Sutterella was carried out in 25-l reaction mixtures consisting of 25 ng of biopsy DNA or 25 pg of genomic DNA from cultured S. wadsworthensis (ATCC 51579; positive control), 300 nM each of the SuttFor and SuttRev primers (for V6 -V8 amplification) or 515For and SuttRev (for C4 -V8 amplification), 2 l deoxynucleoside triphosphate (dNTP) mix (10 mM; Applied Biosystems, Foster City, CA), 2.5 l of 10ϫ PCR buffer (Qiagen, Valencia, CA), 5 U of HotStarTaq DNA polymerase (Qiagen), and 5 l Q-solution (Qiagen). Cycling parameters consisted of an initial denaturation step at 95°C for 15 min, followed by 30 cycles of 94°C for 1 min, 60°C for 1 min, 72°C for 1 min, and a final extension at 72°C for 5 min. The amplified product was detected by electrophoresis on a 1.5% agarose gel stained with ethidium bromide. To confirm specificity of PCR amplification, V6 -V8 products were gel extracted and sent for direct sequencing with SuttFor and SuttRev primers. Additionally, V6 -V8 and C4 -V8 products were subcloned into the vector pGEM-T Easy (Promega, Madison, WI), and bacterial libraries were created. One hundred twenty V6 -V8 plasmid clones were sequenced. A total of 480 C4 -V8 colonies were sequenced and analyzed (40 sequences from each of the 12 PCRpositive patients, 20 sequences each from ileal and cecal biopsy samples). All V6 -V8 and C4 -V8 plasmid clones were found to contain Sutterella sequences, using the RDP classifier tool with a minimum 80% bootstrap confidence estimate. The closest sequence match to Sutterella isolates was determined using the RDP seqmatch tool. Sequences from each patient were aligned using MacVector, and a consensus sequence was determined from the predominant Sutterella species in each patient. For details on Sutterella V6 -V8 conventional PCR sensitivity, linearity, and endpoint detection limit, see Text S1 in the supplemental material.
Quantitative real-time PCR assay. PCR standards for determining copy numbers of bacterial 16S rRNA genes were prepared from products of the partial 16S rRNA gene (V6 -V8 region) of S. wadsworthensis (accession no. GU585669). A representative product with high sequence similarity to the Bacteroides intestinalis (accession no. NZ_ABJL02000007) 16S rRNA gene was used with broadly conserved total bacterial primers (10, 39) . Products were cloned into the vector pGEM-T Easy (Promega), and 10-fold serial dilutions of linearized plasmid standards were created ranging from 5 ϫ 10 5 to 5 ϫ 10°copies. Amplification and detection of DNA by real-time PCR were performed with the ABI StepOne Plus real-time PCR system (Applied Biosystems). Linearity and sensitivity of plasmid standards were tested with the SuttFor and SuttRev primers and the SuttProbe. Amplification plots of plasmid standards indicated sensitivity of detection down to 5 copies of plasmid (Fig. 3C) , and standard curves generated from plasmid dilutions had correlation coefficients of 0.996 (Fig. 3D) . For detailed protocols for real-time PCR set up, analysis, and primers and probe used, see Text S1 in the supplemental material.
Bioinformatics analysis. Operational taxonomic unit (OTU)-based analysis of pyrosequencing data was carried out in MOTHUR (version 1.8.0) and as previously described (10, 40) . For a detailed description of OTU analysis, see Text S1 in the supplemental material.
Phylogenetic analysis of Sutterella sequences. Phylogenetic analyses were conducted in MEGA4 (41) . Sequence alignments were based on representative sequences from OTU 1 and OTU 2, obtained from pyrosequencing analysis of the V2 region of the 16S rRNA gene, as well as sequences of Sutterella from our V6 -V8 (SuttFor and SuttRev amplifications) conventional PCR assay, and the predominant sequences obtained from clone libraries of the C4 -V8 (515For and SuttRev amplifications) conventional PCR assay. Primer sequences were trimmed from the sequences. Classification was confirmed using the RDP classifier and seq-match tools. Sutterella sequences obtained from ileal and cecal biopsy samples were aligned with sequences from 8 isolates of Sutterella found in the RDP database and sequences from 14 additional related species (members of the family Alcaligenaceae and order Burkholderiales). Sequences from Sutterella isolates and related species were trimmed to the length of the sequences obtained from ileal and cecal biopsy samples from AUT-GI patients. Phylogenetic trees were constructed according to the neighbor-joining method with evolutionary distances determined using the Jukes-Cantor method (42, 43) . Trees were rooted to the outgroup Escherichia coli (accession no. X80725). The stability of the groupings was estimated by bootstrap analysis (1,000 replications) using MEGA4. The percentages of 16S rRNA gene sequence similarity were determined for Sutterella C4 -V8 products and Sutterella isolates using the EzTaxon server 2.1 (http://www.eztaxon.org/) (44) .
Western immunoblots. Soluble proteins of cultured S. wadsworthensis (ATCC 51579) were extracted and used as the antigen in immunoblot assays. S. wadsworthensis antigens were separated by SDS-PAGE and transferred to nitrocellulose membranes. Membranes were blocked, incubated with each patient's plasma (diluted 1:100 in blocking solution), 
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